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Peroxiredoxin (PRDX) is a ubiquitous oxidoreductase protein with a conserved ionised thiol that permits
catalysis of hydrogen peroxide (H2O2) up to a million times faster than any thiol-containing signalling
protein. The increased production of H2O2 within active tissues during exercise is thought to oxidise
conserved cysteine thiols, which may in turn facilitate a wide variety of physiological adaptations. The
precise mechanisms linking H2O2 with the oxidation of signalling thiol proteins (phosphates, kinases and
transcription factors) are unclear due to these proteins' low reactivity with H2O2 relative to abundant
thiol peroxidases such as PRDX. Recent work has shown that following exposure to H2O2 in vitro, the
sulfenic acid of the PRDX cysteine can form mixed disulphides with transcription factors associated with
cell survival. This implicates PRDX as an ‘active’ redox relay in transmitting the oxidising equivalent of
H2O2 to downstream proteins. Furthermore, under oxidative stress, PRDX can form stable oxidised di-
mers that can be secreted into the extracellular space, potentially acting as an extracellular ‘stress’ signal.
There is extensive literature assessing non-speciﬁc markers of oxidative stress in response to exercise,
however the PRDX catalytic cycle may offer a more robust approach for measuring changes in redox
balance following exercise. This review discusses studies assessing PRDX-mediated cellular signalling and
integrates the recent advances in redox biology with investigations that have examined the role of PRDX
during exercise in humans and animals. Future studies should explore the role of PRDX as a key regulator
of peroxide mediated-signal transduction during exercise in humans.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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).1. Introduction
Reactive oxygen and nitrogen species (RONS) are known to
mediate a range of signalling processes within mammalian tissues,
with their production, interaction and removal by antioxidants allnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to exercise has been an active area of research over the last 20
years. The oxidising properties of RONS have been implicated with
mediating skeletal muscle excitation-contraction coupling [1,2]
(via regulation of calcium signalling [3]), enzyme release [4,5], as
well as modulating post-exercise mitochondrial biogenesis [6] and
cytoprotective gene expression (e.g. heat shock [7,8] and anti-
oxidant proteins [8,9]). A range of cell types can produce RONS
during exercise, including skeletal muscle, immune and en-
dothelial cells [10,11]. The enzymes nicotinamide adenine dinu-
cleotide phosphate- (NADPH) oxidase and nitric oxide synthase
(NOS) [12,13] produce superoxide ( •−O2 ) and nitric oxide (NO
)
respectively [14,15], with secondary oxidants such as peroxynitrite
(ONOO) formed from the favourable reaction between •−O2 and
NO [16,17], and hydrogen peroxide (H2O2), by the conversion of
•−O2 to H2O2 by the antioxidant enzyme superoxide dismutase
(SOD) or spontaneous dismutation [18]. The role of RONS in redox-
mediated exercise adaptation are far from understood, but evi-
dence strongly implicates the reversible oxidation of conserved
cysteine residues within various proteins [19,20]. The aim of this
review is to discuss the role of H2O2 as a cellular signal, paying
particular attention to the role of Peroxiredoxin (PRDX) in trans-
mitting H2O2 signals via various thiol-mediated mechanisms. Gi-
ven the growing body of evidence that point to H2O2 in mediating
redox signalling pathways during exercise, we suggest that PRDX
may be an important transducer of exercise-induced H2O2 levels. A
combination of study models will be reviewed, ranging from
monolayer cell culture experiments to the few studies that have
investigated PRDX in response to exercise in humans.2. Cysteine thiol groups
Cysteine is one of the least abundant amino acids within the
primary protein structure and contains a terminal sulphhydryl (–
SH) or ‘thiol’ group that is highly electronegative in nature. As a
result, the thiol group of many solvent accessible cysteines is a
prime target for RONS. Reversible oxidation of the cysteine thiol or
thiolate anion (–S; deprotonated thiol) can form stable inter or
intra-molecular disulphides which can govern a broad range of
cellular events e.g. metabolism [21] and signal transduction [22].
In this context, 2-electron oxidants (H2O2 or ONOO) in particular
have been shown to oxidise critical redox active proteins or low
molecular weight cellular thiols such as glutathione (GSH) [23]. In
many cases, cysteine oxidation can change the structure and/or
function of a redox active protein, evoking altered cellular and
physiological responses [24–26].
It is well established that H2O2 lends itself to cellular signalling
more so than the aforementioned RONS. The 1-electron oxidation
of thiols by NO and •−O2 occurs at a fairly slow rate [23,27,28],
forming highly unstable thiyl radicals (–S). Oxidants like ONOO
can react directly with thiolates via a 2-electron mechanism [29],
however its rapid reaction rate with carbon dioxide yields
1-electron oxidant products (i.e. carbonate and nitrogen dioxide
radicals) that also form thiyl radicals [30,31]. Although the thiyl
radical pathway can form mixed disulphides, its mechanism
within a signalling cascade per se is questioned due to the lack of
speciﬁcity of both the oxidants in question (i.e. •−O2 , NO
 and
ONOO) and the thiyl radical itself [23]. Conversely, H2O2 is a
small, uncharged and membrane permeable RONS that can oxidise
protein thiolates to form the intermediate sulfenic acid (–SOH)
that then rapidly resolves with other reduced cysteine residues (–
SH or –S), forming inter or intra-molecular disulphide bonds
[32]. H2O2 is highly oxidising due to the presence of a peroxide
bond (O–O), however its chemical reduction can be limited by its
high activation energy [33,34]. As a result, this gives H2O2enormous selectivity over its reactions with protein thiol/thiolates
[33]. Redox sensitive protein targets such as phosphatases (i.e.
PTP1B [35,36] and PTEN [37,38]), kinases (i.e. ATM [39]) and
transcription factors (i.e. STAT3 [22], Nrf-2 [40] and NF-kB [41])
have cysteine thiols that can be speciﬁcally oxidised by H2O2,
implicating perturbations in H2O2 levels during exercise with
signal transduction.3. Cysteine targets for hydrogen peroxide during exercise
Studies in animals have demonstrated that H2O2 can oxidise
critical cysteine thiols that facilitate muscle contraction [2,42,43].
In a study by Andrade et al., 1998, 4 min of H2O2 exposure
(300 mM) coupled to electrical stimulation (50 Hz, 350 ms dura-
tion) markedly increased the force output of isolated mouse ske-
letal muscle ﬁbres, relative to a stimulation only trial [1]. Increased
force output was suggested to be mediated by the glutathionyla-
tion of critical thiols within skeletal muscle tissue that improved
calcium channel sensitivity [2]. Interestingly, exceeding a parti-
cular ‘H2O2 threshold’ (i.e. 8 min of H2O2 exposure) and also
quenching H2O2 with a potent reducing agent (e.g. 1 mM dithio-
threitol) both depressed force output signiﬁcantly [1]. This high-
lights a critical balance of H2O2 required to optimally modulate
thiol oxidation in skeletal muscle, and how ‘oxidative’ and ‘re-
ductive’ stress may limit force output. H2O2 may also have a role in
controlling blood ﬂow during exercise by altering NO production
via endothelial NOS (eNOS). There is evidence of H2O2-mediated
increases in eNOS activity and expression following acute [44] and
long term aerobic exercise in animals respectively [45]. In addi-
tion, there is some evidence for a role of H2O2 in mediating the
vasodilation of gluteal muscle microvasculature during resistance-
based leg press exercise in humans [46]. The effect of H2O2 on
vascular perfusion during exercise is likely via protein kinase G,
which is known to be redox-sensitive [47]. Finally, H2O2 may have
an important role in post-exercise metabolic adaptation by in-
creasing the expression of redox-sensitive and thiol-rich tran-
scription factors such as PGC-1α [48] and FOXO3a [49]. It must be
noted that relative to the spatio-temporal speciﬁcity of established
signalling pathways (calcium signalling, G-proteins and phos-
phorylation); it is unclear how a particular H2O2 molecule may
exert thiol speciﬁcity during and following exercise [22]. More-
over, the afﬁnities of the many signalling proteins for H2O2 are
extremely low [33], despite clear changes in downstream tran-
scriptional activation that ultimately provide cross-resistance to
H2O2 following exercise [49].4. Hydrogen Peroxide as a cellular signal: recent advances
A variety of hypotheses have been proposed to explain how
H2O2 can act as an intracellular signal. These have primarily fo-
cussed on mechanisms that might explain transient and localised
accumulation of H2O2 through the inactivation of glutathione
peroxidase (GPx), catalase and PRDX, or at sites where these
proteins are not present [32]. In this context, H2O2 generating
enzymes such as NADPH oxidase may co-localise with lower re-
acting thiols (i.e. kinases and phosphatases) to generate ‘hot spots’
of H2O2, that permits the proteins' oxidation and thus cellular
signalling (Fig. 1) [50,51]. The PRDX family of proteins in particular
have received a great deal of attention with regards to their high
abundance and catalytic turnover of H2O2 [33]. Brieﬂy, post-
translational modiﬁcations (i.e. serine and threonine phosphor-
ylation [52], glutathionylation [53], tyrosine nitration [54], acet-
ylation [55] or s-nitrosylation [56]) on non-catalytic amino acids
sites of PRDX or over-oxidation of the active site thiol [57] can
Fig. 1. A theoretical model of how PRDX ﬂoodgate signalling may transduce exercise-induced H2O2 signals in skeletal muscle. NADPH oxidase translocation and subsequent
H2O2 production may generate ‘hotspots’ of H2O2 that facilitate the oxidation of thiol-containing signalling proteins (e.g. a phosphatase), alongside the simultaneous
inactivation of the PRDX thiolate. There is evidence that H2O2-mediated over oxidation as well as post-translational modiﬁcations such as acetylation, phosphorylation
(serine and threonine), glutathionylation, s-nitrosylation and tyrosine nitration of non-catalytic PRDX amino acids can prevent nucleophilic attack of the PRDX thiolate on
H2O2. In this context, the formation of stable PRDX dimers may facilitate extracellular redox-signalling. Notes: Thicker arrows represent the dominant pathway during
ﬂoodgate signalling; ﬂat ended arrows indicate inhibition of the PRDX thiolate; dashed circle represents a ‘hot spot’ of hydrogen peroxide. S–S is a disulphide bond within the
oxidised PRDX dimer. Abbreviations: SOD: superoxide dismutase; •−O2 : superoxide; H2O2: hydrogen peroxide; PRDX: peroxiredoxin; H2O: water; –SOH: sulfenic acid: S
:
thiolate.
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pending on the active PRDX isoform [58]. These modiﬁcations can
inactivate PRDX thiol activity and conceivably redirect the initial
H2O2 signal to elicit a change in cell function via oxidation of
signalling thiol proteins such as PTP1B, PTEN or ATM [26]. This
would render PRDX as a negative regulator of H2O2 signalling in a
mechanism known as the ‘ﬂoodgate model’ [59]. However, a re-
cent paper by Sobotta et al. [22] eloquently demonstrated that
PRDX has a ‘direct’ role in translating the oxidizing equivalent of
H2O2 to the cysteine rich transcription factor STAT3. Following
H2O2 exposure, the –SOH intermediate of PRDX-2 was shown to
form a mixed disulphide with STAT3 directly, initiating its trans-
location to the nucleus. This implies that PRDX may act as an active
‘redox relay’ with respect to increased cellular H2O2 levels. The
interplay between PRDX ﬂoodgate signalling and active redox re-
lays are unclear, however the mechanisms are likely not mutually
exclusive [60].5. Peroxiredoxin: an abundant and highly active peroxidase
An array of factors can inﬂuence the capacity of a given redox
active cysteine to reduce H2O2 by nucleophilic attack (Fig. 2). Ac-
cessibility of H2O2 to the catalytic thiol/thiolate motif and struc-
tural factors (e.g. adjacent neighbouring amino acids on the
polypeptide chain) that affect electron density can alter the mid-
point potential (Em) of the thiol. Cysteine residues that have a
lower Em are more readily oxidised [24,61] and even alternative
isoforms of the same redox active protein may contain cysteine
residues with differing Em and thus alternative propensities for
oxidation [62]. The sensitivity of a redox active cysteine to oxi-
dation is also, in part, determined by pH, which relates to the
solution and microenvironment in which that cysteine resides.Acid residues adjacent to a cysteine have been shown to alter
sensitivity of that cysteine to oxidation presumably via thiol pro-
tonation (–S to –SH) [63]. Whether a redox cysteine is proto-
nated at physiological pH is determined by the pKa of the thiol
group [24]. All of these factors explain the broad range of sensi-
tivities exhibited by thiol-based proteins to ﬂuctuations in H2O2
concentrations. In particular, PRDX has a turnover of H2O2 up to a
million times greater than protein phosphatases such as PTP1B
and cdc25b in vitro [23,33].
PRDX is a ubiquitously expressed oxidoreductase protein (160–
220 amino acids) located in the cytosolic (isoforms I, II and VI),
endoplasmic reticulum (isoform IV) and mitochondrial (isoforms
III and V) domains of the cell [64]. The nascent form of most
PRDX's is the decamer form (I–IV), with PRDX V and VI unable to
form oligomers. The ‘catalytic’ cysteine of all PRDXs (–S) can
convert H2O2 [65], ONOO [66] and other peroxide substrates [65]
to H2O via the oxidation of its conserved thiolate to a –SOH in-
termediate, before reacting with a ‘resolving’ cysteine thiol (–SH).
In this regard, the –S form acts as the ‘redox-sensor’ via nu-
cleophilic attack and is the target for oxidation, whereas the –SH
form is resolving in nature [67,68]. The mechanism of –SOH re-
solution determines the sub-classes of the PRDX family. These
include typical-2 cysteine PRDX (I–IV), atypical-2 cysteine PRDX
(V) or 1-cysteine (VI) PRDX, whereby mixed disulphides are
formed through inter-molecular bonding with a neighbouring
thiol (PRDX molecule or thiol-based protein), intra-molecular
bonding with a native thiol or inter-molecular bonding with GSH
[69] respectively. These disulphide bonds are reduced by the an-
tioxidants TRX (I–IV), GSH-S-Transferase (V) and GSH (VI) in
bioenergetically favoured reactions [69,70].
Other antioxidant enzymes such as catalase, GSH and GPx have
prominent and deﬁned roles in H2O2 catalysis [71]. Importantly,
these enzymes likely work in synergy with PRDX to modulate the
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to oxidation. (3) pKa – a low pKa value will cause deprotonation of the thiol to form a negatively charged thiolate anion, which potentially increases reactivity; (4) mid-point
potential – a lower mid-point potential will increase the capacity of the thiol/thiolate to become oxidised, thus increasing thiol/thiolate activity; (5) solvent accessibility –
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oxidised. Notes: the dotted grey boxes indicate electron density around the thiolate. Thick black arrow indicates a greater turnover of H2O2 relative to a thinner arrow.
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oxisomes where H2O2 is formed from the breakdown of various
substrates by ﬂavoprotein oxidases [71], and therefore has no role
in the transfer of cytosolic to nucleic peroxide signals. GSH is a low
molecular weight antioxidant with a relatively low turnover of
H2O2 [33], and unlikely acts a direct ‘sensor’ for translating the
peroxide signal for transcriptional activation.1 GPx has a compar-
able rate constant to PRDX for H2O2 catalysis [33]; however the
transient and highly reductive selenenic acid (Se) intermediate
that is formed following GPx reaction with H2O2 rapidly resolves
with a native amide group to form an intramolecular sulfenamide
[73]. Therefore GPx does not act as a dimerising peroxide ‘sensor’
protein. It is the structure and high afﬁnity that PRDX has for H2O2
to favourably form –SOH intermediates and resolving dimers that
may give this antioxidant protein a unique role in actively trans-
ducing peroxide signals into a dynamic biological response. Ubi-
quitous PRDX expression has been estimated to be far more
abundant than both GPx and catalase [74] and the decamer con-
formation of typical 2-cysteine PRDXs can stabilise the active site
and increase peroxidase activity [75]. Further, structural analysis of
PRDX has revealed a hydrogen-bonding network surrounding the
active site that favours peroxide substrate binding and catalysis
[76,77]. A deprotonated catalytic thiolate (due to a low pKa value)1 It is important to note that glutathionylation is an important post-transla-
tional modiﬁcation whereby GSH resolves with protein –SOH or S directly (e.g.
following oxidation by RONS) to modify protein function and thus cell signalling.coupled with favoured polarisation of the peroxide bond (O–O)
has led to estimates that PRDX reacts with up to 99% of cytosolic
H2O2 [78,79].6. Is PRDX a peroxide sensing protein during and following
exercise?
The available evidence suggests that H2O2 plays a crucial role in
mediating tissue function during exercise [2], as well as mod-
ulating post-exercise metabolic adaption [49] via redox-sensitive
pathways. Despite this, the direct reactivity of H2O2 with signalling
protein thiols is known to be very low. Given PRDXs high abun-
dance and turnover of cytosolic H2O2, PRDX would likely favour
the formation of –SOH intermediates in response to heightened
H2O2 production during exercise. Indeed, accumulating evidence
suggests that cytosolic, rather than mitochondrial sources of RONS
predominate during exercise [80,81]. Oxidation of PRDX may
therefore act as a physiologically conserved mechanism for
translating contractile signals from exercise-induced oxidants to
downstream transcription factors, thus facilitating the adaptive
response to exercise.
The targets of PRDX –SOH intermediates are to date, largely
unclear, with no studies exploring this in the context of exercise. It
has been demonstrated in vitro that transcription factors asso-
ciated with exercise adaptation, namely, STAT3 [22] and p38 [82]
are responsive to this signalling pathway. Following H2O2
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[22], whereas PRDX-1 resolves with ASK-1, subsequently increas-
ing p38 phosphorylation [82]. It is well documented that STAT3
[83] and p38 [84] activation are linked with increased muscle
anabolism and mitochondrial biogenesis following exercise re-
spectively. It is important to note that PRDX has been shown to
interact with various other signalling complexes (e.g. platelet-de-
rived growth factors [85], receptor tyrosine kinases [52] and lipid
phosphatases [37]) that are undoubtedly involved with signalling
pathways following exercise. The translocation of PRDX to these
receptors has been previously regarded as a mechanism to prevent
localised protein oxidation via its reduced thiolate. However, ad-
vances in our understanding of how PRDX –SOH resolve with
signalling proteins may question this viewpoint. Given that there
is no known receptor for H2O2 binding, highly reactive and speciﬁc
cysteine targets such as PRDX may offer a control point for
managing H2O2 gradients with targeted precision in response to a
bout of exercise.
Increased levels of oxidised PRDX (I–IV) dimers [86] and over-
oxidised monomers [70,87,88] have been reported in immune
cells and erythrocytes following exercise. Under cellular oxidative
stress, the PRDX decamer can expose an oxidised cysteine that
resolves with a neighbouring PRDX thiol to form a stable oxidised
dimer. This state is known to be favoured following PRDX oxida-
tion [89] and levels have been shown to increase following a single
bout of ultra-endurance exercise (174 km, 30–44 h) in isolated
PBMCs from well-trained male participants [87]. Recent work by
Salzano et al. [53] has indicated that glutathionylation of non-
catalytic cysteine residues may facilitate extracellular secretion of
dimerised PRDX from immune cells, suggesting that this may act
as an extracellular ‘stress’ signal. Interestingly, there is also evi-
dence that skeletal muscle cells can also increase their secretion of
PRDX in response to injury [90]. In this regard, extracellular PRDX
may act in a paracrine or hormonal manner between cells under
redox stress during exercise. Furthermore, PRDX-2 has been
shown to bind to toll-like receptor-4 in immune cells, increasing
inﬂammatory cytokine transcription via NF-kB (i.e. IL-1beta) [91].
This indicates an additional aspect of extracellular communication
under cellular redox stress, with immune cells known to target,
inﬁltrate and repair skeletal muscle following exercise.
A unique feature of the PRDX catalytic cysteine is the capacity
of the thiolate to react with a second and third H2O2 molecule,
leading to sulﬁnic (–SO2H) and sulfonic (SO3H) acid oxidation
states [92]. This ‘over-oxidation’ occurs at a rate too quickly for
thiol ‘resolution’ and leads to the formation of over-oxidised
monomers. Over-oxidised PRDX monomers have been reported
during and following exercise in human peripheral blood mono-
nuclear cells (PBMCs) [93,87] and erythrocytes respectively [88].
Formation of over-oxidised PRDX in PBMCs (I–IV isoforms) has
been shown to be dependent on the intensity of exercise, with
heightened peroxide concentrations during high intensity exercise
(80% maximal oxygen consumption [ ̇VO2max] vs. 60% ̇VO2max)
likely exceeding the reduction power of TRX, the exclusive re-
ductant of the PRDX (I–IV) disulphide [93]. As well as increased
peroxide levels during exercise, these changes may also relate, in
part, to reductions in cellular pH that might reduce the sensitivity
of the TRX cysteine to oxidation. As introduced earlier, this
‘ﬂoodgate model’ mechanism (Fig. 1) may allow accumulation of
H2O2 that permits oxidation of other signalling thiol proteins, for
example PTP1B, which has a much lower pKa value than TRX [33].
Moreover, in vitro evidence suggests that TRX may then redirect
its reducing power to transcription factors such as NF-kB [94] and
AP-1 [57], eliciting changes in cell function in a different micro-
environment (i.e. higher pH).
The research assessing the interplay between H2O2 and PRDX
in response to acute exercise in humans is extremely limited, withdescriptive changes in PRDX expression and oxidation only pre-
viously monitored [93,87,95]. Mechanistic approaches in knockout
mouse models have highlighted a clear and prominent role for
mitochondrial PRDX-3 in controlling skeletal muscle force pro-
duction [96] and mitochondrial homeostasis [97]. For example,
absence of PRDX-3 caused deregulation of mitochondrial mem-
brane potential and a faster rate of muscle fatigue in the extensor
digitorum longus and soleus muscles of mice, possibly as a result
of elevated peroxide concentrations [96]. A study by Kil et al., 2012
provided evidence to suggest that PRDX-III hyperoxidation has an
important role in modulating steroid hormone production fol-
lowing physiological stress in mice [26], which will undoubtedly
be important in an exercise context whereby steroidogenesis is
elevated post-exercise [98]. These studies do not provide insight
into the speciﬁc sources of RONS that mediate PRDX cysteine
oxidation, nor the associated downstream signalling mechanisms.
The only study to assess changes in PRDX following regular ex-
ercise in humans, reported an increase in erythrocyte PRDX-2
expression in overweight males after 3-months of aerobic exercise
training (3 sessions per week at 75% of maximum heart rate;
progressive increase in session duration (25–50 min) over the
3 month period) [95]. Increased PRDX expression following ex-
ercise indicates an important role for PRDX in cellular remodelling
following exercise training, which likely occurs via the redox-
sensitive transcription factor NF-kB (as recently demonstrated in
vitro [72]). Interestingly, in a non-exercise context, PRDX has also
been shown to have an active role in the progression of mitosis
through selective phosphorylation of PRDX-1 during anaphase
[99]. Phosphorylated and inactivated PRDX-1 allows the transient
and localised accumulation of H2O2 that oxidises centrosome-
bound phosphates, thus permitting cell proliferation. This high-
lights a complex interplay between thiol modiﬁcations and cel-
lular phosphorylation in mediating cell growth, which may have
applications to tissue remodelling (i.e. skeletal muscle) in response
to exercise.7. Future Perspectives
The redox environment within cells is a complex network of
highly transient RONS that work in strict cooperation with cellular
and dietary antioxidants. Despite rapid progression in our under-
standing of many aspects of redox signalling, it is clear that the
analytical techniques currently available to monitor thiol mod-
iﬁcations following exercise in humans are limited. Technologies
for the evaluation of –SOH formation in vitro and in vivo have
been developed, which include dimedone based reagents and
conjugates [100]. These reagents ‘trap’ –SOH formation in real
time, which can successfully be detected by mass-spectrometry
[101,102]. The use of such reagents has real potential in the ﬁeld of
exercise physiology, particularly regarding the delineation of redox
sensing and/or signalling pathways where PRDX and H2O2 are
implicated. The evidence presented in this article highlights three
primary functions of PRDX in managing H2O2 gradients: (1) an
antioxidant with a very high afﬁnity for H2O2, (2) an intracellular
signal that transfers the oxidising equivalent of H2O2 to cysteine
rich target proteins via its –SOH intermediate and (3) an extra-
cellularly secreted protein that may permit local signalling. These
signalling properties may well underpin a fundamental aspect of
redox communication in response to exercise (Fig. 3).
At present, it is unclear how H2O2 acts as an intracellular signal
in vivo and importantly, how widespread H2O2 ‘sensor’ proteins
are within cells. A recent review by Cobley et al., [103] suggested
that H2O2 contained to the cellular domain of production during
exercise (by proteins such as PRDX) likely permits its actions as an
intracellular signal, whereas distal diffusion permits non-speciﬁc
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A.J. Wadley et al. / Redox Biology 8 (2016) 51–5856oxidation of biomolecules through reactions with free iron. At this
stage, we cannot be certain that H2O2 acts solely as an intracellular
signal. Indeed, H2O2 is a freely diffusible, uncharged molecule that
may signal in an autocrine, panacrine or hormonal manner be-
tween cells during exercise [104]. This may also be spatially fa-
voured given that membrane-bound NADPH oxidases are likely a
source of •−O2 during exercise [105]. Similarly, the function of
decamer PRDX, a product of high levels of peroxides such as H2O2,
needs further exploration as a possible extracellular redox signal.
The role of other 2-electron oxidants (i.e. ONOO) and even
free radical species (i.e. 1-electron oxidants such as •−O2 and NO
)
in thiol-mediated redox signalling following exercise must not be
discounted; particularly if the source of RONS is localised to the
target protein [23]. Furthermore, other thiol modiﬁcations (i.e.
s-nitrosylation and s-glutathionylation) may be responsible for
mediating the adaptive response to exercise, with the role of re-
active sulphur species (i.e. H2S/S) in forming mixed persulphides
emerging as a post-translational modiﬁcation likely governing
physiological effects [106].8. Conclusion
PRDX is an abundant cellular protein with a diverse range of
functions in mammalian cells, above and beyond its fundamental
function as a thiol peroxidase. This review has drawn on a series of
excellent advances in redox biology research to highlight the need
to dissect the molecular mechanisms underpinning redox-medi-
ated signal transduction in response to exercise. Future studies
need to elucidate the precise role of PRDX and other peroxide
sensors in transmitting H2O2 signals into dynamic biological re-
sponses during and following exercise.References
[1] F.H. Andrade, M.B. Reid, D.G. Allen, H. Westerblad, Effect of hydrogen per-
oxide and dithiothreitol on contractile function of single skeletal muscle ﬁ-
bres from the mouse, J. Physiol. 509 (1998) 565–575.
[2] G.D. Lamb, H. Westerblad, Acute effects of reactive oxygen and nitrogen
species on the contractile function of skeletal muscle, J. Physiol. 589 (2011)
2119–2127, http://dx.doi.org/10.1113/jphysiol.2010.199059.
[3] P. Donoso, C. Hidalgo, G. Sánchez, Posttranslational modiﬁcations of cardiac
ryanodine receptors/calcium release channels by reactive oxygen species
A.J. Wadley et al. / Redox Biology 8 (2016) 51–58 57(ROS) and reactive nitrogen species (RNS), Syst. Biol. Free Radic. Antioxid. 46
(2014) 1031–1046.
[4] M.J. Jackson, D.A. Jones, R.H. Edwards, Vitamin E and skeletal muscle, Ciba
Found. Symp. 101 (1983) 224–239.
[5] M.J. Jackson, M. Khassaf, a Vasilaki, et al., Vitamin E and the oxidative stress
of exercise, Ann. N. Y. Acad. Sci. 1031 (2004) 158–168, http://dx.doi.org/
10.1196/annals.1331.015.
[6] M.C. Gomez-Cabrera, E. Domenech, M. Romagnoli, et al., Oral administration
of vitamin C decreases muscle mitochondrial biogenesis and hampers
training-induced adaptations in endurance performance, Am. J. Clin. Nutr. 87
(2008) 142–149.
[7] D.C. Salo, C.M. Donovan, K.J.A. Davies, HSP70 and other possible heat shock
or oxidative stress proteins are induced in skeletal muscle, heart, and liver
during exercise, Free Radic. Biol. Med. 11 (1991) 239–246.
[8] M. Khassaf, R.B. Child, A. McArdle, et al., Time course of responses of human
skeletal muscle to oxidative stress induced by nondamaging exercise, J. Appl.
Physiol. 90 (2001) 1031–1035.
[9] M. Khassaf, A. McArdle, C. Esanu, et al., Effect of vitamin C supplements on
antioxidant defence and stress proteins in human lymphocytes and skeletal
muscle, J. Physiol. 549 (2003) 645–652.
[10] S.K. Powers, E.E. Talbert, P.J. Adhihetty, Reactive oxygen and nitrogen species
as intracellular signals in skeletal muscle, J. Physiol. 589 (2011) 2129–2138,
http://dx.doi.org/10.1113/jphysiol.2010.201327.
[11] M.J. Jackson, D. Pye, J. Palomero, The production of reactive oxygen and ni-
trogen species by skeletal muscle, J. Appl. Physiol. 102 (2007) 1664–1670,
http://dx.doi.org/10.1152/japplphysiol.01102.2006 01102.2006 [pii].
[12] J. St-Pierre, J.A. Buckingham, S.J. Roebuck, M.D. Brand, Topology of super-
oxide production from different sites in the mitochondrial electron transport
chain, J. Biol. Chem. 277 (2002) 44784–44790, http://dx.doi.org/10.1074/jbc.
M207217200.
[13] S. Di Meo, P. Venditti, Mitochondria in exercise-induced oxidative stress, Biol.
Signals Recpt. 10 (2001) 125–140.
[14] F. McArdle, D.M. Pattwell, A. Vasilaki, et al., Intracellular generation of re-
active oxygen species by contracting skeletal muscle cells, Free Radic. Biol.
Med. 39 (2005) 651–657, http://dx.doi.org/10.1016/j.
freeradbiomed.2005.04.010.
[15] T.W. Balon, J.L. Nadler, Nitric oxide release is present from incubated skeletal
muscle preparations, J. Appl. Physiol. 77 (1994) 2519–2521.
[16] D.M. Pattwell, A. McArdle, J.E. Morgan, et al., Release of reactive oxygen and
nitrogen species from contracting skeletal muscle cells, Free Radic. Biol. Med.
37 (2004) 1064–1072.
[17] J.S. Beckman, W.H. Koppenol, Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly, Am. J. Physiol. 271 (1996) C1424–C1437.
[18] L.R. Silveira, C.J. Lucia Pereira-Da-Silva, Y. Hellsten, Formation of hydrogen
peroxide and nitric oxide in rat skeletal muscle cells during contractions,
Free Radic. Biol. Med. 35 (2003) 455–464.
[19] B. Mcdonagh, G.K. Sakellariou, N.T. Smith, et al., Differential cysteine labeling
and global label-free proteomics reveals an altered metabolic state in ske-
letal muscle aging, J. Proteome Res. 13 (2014) 5008–5021.
[20] J.N. Cobley, H. McHardy, J.P. Morton, et al., Inﬂuence of vitamin C and vitamin
E on redox signalling: implications for exercise adaptations, Free Radic. Biol.
Med. 84 (2015) 65–76, http://dx.doi.org/10.1016/j.
freeradbiomed.2015.03.018.
[21] V.L. Kolossov, J.N. Beaudoin, N. Prabhu Ponnuraj, Thiol-based antioxidants
elicit mitochondrial oxidation via respiratory complex III, Am. J. Physiol. Cell
Physiol. 309 (2) (2015) C81–91.
[22] M.C. Sobotta, W. Liou, S. Stöcker, et al., Peroxiredoxin-2 and STAT3 form a
redox relay for H2O2 signaling, Nat. Chem. Biol. 11 (2014) 64–70, http://dx.
doi.org/10.1038/nchembio.1695.
[23] C.C. Winterbourn, Are free radicals involved in thiol-based redox signaling?
Free Radic. Biol. Med. 80 (2015) 164–170, http://dx.doi.org/10.1016/j.
freeradbiomed.2014.08.017.
[24] L.B. Poole, The basics of thiols and cysteines in redox biology and chemistry,
Free Radic. Biol. Med. 80 (2015) 148–157, http://dx.doi.org/10.1016/j.
freeradbiomed.2014.11.013.
[25] C. Berndt, C.H. Lillig, A. Holmgren, Thiol-based mechanisms of the thior-
edoxin and glutaredoxin systems: implications for diseases in the cardio-
vascular system, Am. J. Physiol.: Heart Circ. Physiol. 292 (2007)
H1227–H1236, http://dx.doi.org/10.1152/ajpheart.01162.2006 01162.2006
[pii].
[26] I.S. Kil, S.K. Lee, K.W. Ryu, et al., Feedback control of adrenal steroidogenesis
via H2O2-dependent, reversible inactivation of peroxiredoxin III in mi-
tochondria, Mol. Cell 46 (2012) 584–594, http://dx.doi.org/10.1016/j.
molcel.2012.05.030.
[27] C.M. Jones, A. Lawrence, P. Wardman, M.J. Burkitt, Electron paramagnetic
resonance spin trapping investigation into the kinetics of glutathione oxi-
dation by the superoxide radical: re-evaluation of the rate constant, Free
Radic. Biol. Med. 32 (2002) 982–990.
[28] J.S. Stamler, O. Jaraki, J. Osborne, et al., Nitric oxide circulates in mammalian
plasma primarily as an S-nitroso adduct of serum albumin, Proc. Natl. Acad.
Sci. USA 89 (1992) 7674–7677.
[29] C. Quijano, B. Alvarez, R.M. Gatti, et al., Pathways of peroxynitrite oxidation
of thiol groups, Biochem. J. 322 (1997) 167–173.
[30] S. Carballala, S. Bartesaghia, R. Rafael, Kinetic and mechanistic considerations
to assess the biological fate of peroxynitrite, Biochim. Biophys. Acta: Gen.
Subj. 1840 (2014) 768–780.[31] G. Ferrer-Sueta, R. Radi, Chemical biology of peroxynitrite: kinetics, diffusion,
and radicals, ACS Chem. Biol. 4 (2009) 161–177.
[32] C.C. Winterbourn, M.B. Hampton, Signaling via a peroxiredoxin sensor, Nat.
Publ. Gr. 11 (2014) 5–6, http://dx.doi.org/10.1038/nchembio.1722.
[33] C.C. Winterbourn, The biological chemistry of hydrogen peroxide, 1st ed.
Methods in Enzymology, 2013. Doi: 10.1016/B978-0-12-405881-1.00001-X.
[34] A. Zeida, R. Babbush, M.C.G. Lebrero, et al., Molecular basis of the mechanism
of thiol oxidation by hydrogen peroxide in aqueous solution: challenging the
SN2 paradigm, Chem. Res. Toxicol. 25 (2012) 741–746.
[35] T.C. Meng, D. a Buckley, S. Galic, et al., Regulation of insulin signaling through
reversible oxidation of the protein-tyrosine phosphatases TC45 and PTP1B, J.
Biol. Chem. 279 (2004) 37716–37725, http://dx.doi.org/10.1074/jbc.
M404606200.
[36] S.R. Lee, K.S. Yang, J. Kwon, et al., Reversible inactivation of the tumor sup-
pressor PTEN by H2O2, J. Biol. Chem. 277 (2002) 20336–20342.
[37] J. Cao, J. Schulte, A. Knight, et al., Prdx1 inhibits tumorigenesis via regulating
PTEN/AKT activity, EMBO J. 28 (2009) 1505–1517, http://dx.doi.org/10.1038/
emboj.2009.101.
[38] S.R. Lee, K.S. Kwon, S.R. Ki, S.G. Rhee, Reversible inactivation of protein-tyr-
osine phosphatase 1B in A431 cells stimulated with epidermal growth factor,
J. Biol. Chem. 273 (1998) 15366–15372.
[39] Z. Guo, S. Kozlov, M.F. Lavin, et al., ATM activation by oxidative stress, Science
80–330AD (2010) 517–521.
[40] X. He, Q. Ma, NRF2 cysteine residues are critical for oxidant/electrophile-
ubiquitination-proteasomal degradation, and transcription activation, 76
(2009) 1265–1278, http://dx.doi.org/10.1124/mol.109.058453.The.
[41] G. Gloire, S. Legrand-Poels, J. Piette, NF-kappaB activation by reactive oxygen
species: ﬁfteen years later, Biochem. Pharmacol. 72 (2006) 1493–1505.
[42] L.F. Ferreira, M.B. Reid, Muscle-derived ROS and thiol regulation in muscle
fatigue, J. Appl. Physiol. 104 (2008) 853–860, http://dx.doi.org/10.1152/
japplphysiol.00953.2007.
[43] M. Reid, Free radicals and muscle fatigue: of ROS, canaries, and the IOC, Free
Radic. Biol. Med. 44 (2008) 169–179.
[44] L.Y. Tanaka, L.R.G. Bechara, A.M. dos Santos, et al., Exercise improves en-
dothelial function: a local analysis of production of nitric oxide and reactive
oxygen species, Nitric Oxide 45 (2015) 7–14, http://dx.doi.org/10.1016/j.
niox.2015.01.003.
[45] N. Lauer, T. Suvorava, U. Rüther, et al., Critical involvement of hydrogen
peroxide in exercise-induced up-regulation of endothelial NO synthase,
Cardiovasc. Res. 65 (2005) 254–262.
[46] M.J. Durand, K. Dharmashankar, J.-T. Bian, et al., Acute exertion elicits a H2O2
-dependent vasodilator mechanism in the microvasculature of exercise-
trained but not sedentary adults, Hypertension 65 (2015) 140–145.
[47] B.H. Neo, S. Kandhi, M.S. Wolin, Roles for soluble guanylate cyclase and a
thiol oxidation-elicited subunit dimerization of protein kinase G in pul-
monary artery relaxation to hydrogen peroxide, Am. J. Physiol.: Heart Circ.
Physiol. 299 (2010) H1235–H1241, http://dx.doi.org/10.1152/
ajpheart.00513.2010.
[48] L.R. Silveira, H. Pilegaard, K. Kusuhara, et al., The contraction induced in-
crease in gene expression of peroxisome proliferator-activated receptor
(PPAR)-γ coactivator 1α (PGC-1α), mitochondrial uncoupling protein 3
(UCP3) and hexokinase II (HKII) in primary rat skeletal muscle cells is de-
pendent on rea, Biochim. Biophys. Acta: Mol. Cell Res. 1763 (2006) 969–976,
http://dx.doi.org/10.1016/j.bbamcr.2006.06.010.
[49] P. Wang, C.G. Li, Z. Qi, et al., Acute exercise induced mitochondrial H2O2
production in mouse skeletal muscle : association with p66Shc and FOXO3a
signaling and antioxidant enzymes, Oxid. Med. Cell. Longev. (2014) 1–10.
[50] C. Chen, T. Cheng, H. Lin, et al., Reactive oxygen species generation is in-
volved in epidermal growth factor receptor transactivation through the
transient oxidization of Src homology 2-containing tyrosine phosphatase in
endothelin-1 signaling pathway in rat cardiac ﬁbroblasts, Mol. Pharmacol. 69
(2006) 1347–1355, http://dx.doi.org/10.1124/mol.105.017558.by.
[51] M. Ushio-Fukai, Compartmentalization of redox signaling through NADPH
oxidase-derived ROS, Antioxid. Redox Signal. 11 (2009) 1289–1299.
[52] H.A. Woo, S.H. Yim, D.H. Shin, et al., Inactivation of peroxiredoxin I by
phosphorylation allows localized H2O2 accumulation for cell signaling, Cell
140 (2010) 517–528, http://dx.doi.org/10.1016/j.cell.2010.01.009.
[53] S. Salzano, P. Checconi, E.-M. Hanschmann, et al., Linkage of inﬂammation
and oxidative stress via release of glutathionylated peroxiredoxin-2, which
acts as a danger signal, Proc. Natl. Acad. Sci. USA 111 (2014) 12157–12162,
http://dx.doi.org/10.1073/pnas.1401712111.
[54] L.M. Randall, B. Manta, M. Hugo, et al., Nitration transforms a sensitive
peroxiredoxin 2 into a more active and robust peroxidase, J. Biol. Chem. 289
(2014) 15536–15543, http://dx.doi.org/10.1074/jbc.M113.539213.
[55] Y. Pan, J.-H. Jin, Y. Yu, J. Wang, Signiﬁcant enhancement of hPrx1 chaperone
activity through lysine acetylation, Chembiochem 15 (2014) 1773–1776,
http://dx.doi.org/10.1002/cbic.201402164.
[56] J. Fang, T. Nakamura, D.-H. Cho, et al., S-nitrosylation of peroxiredoxin
2 promotes oxidative stress-induced neuronal cell death in Parkinson’s dis-
ease, Proc. Natl. Acad. Sci. USA 104 (2007) 18742–18747, http://dx.doi.org/
10.1073/pnas.0705904104.
[57] A.M. Day, J.D. Brown, S.R. Taylor, et al., Inactivation of a peroxiredoxin by
hydrogen peroxide is critical for thioredoxin-mediated repair of oxidized
proteins and cell survival, Mol. Cell 45 (2012) 398–408, http://dx.doi.org/
10.1016/j.molcel.2011.11.027.
[58] A. Perkins, L.B. Poole, P.A. Karplus, Tuning of peroxiredoxin catalysis for
A.J. Wadley et al. / Redox Biology 8 (2016) 51–5858various physiological roles, Biochemistry 53 (2014) 7693–7705.
[59] Z.A. Wood, L.B. Poole, P.A. Karplus, Peroxiredoxin evolution and the regula-
tion of hydrogen peroxide signaling, Science 300 (2003) 650–653, http://dx.
doi.org/10.1126/science.1080405.
[60] A. Perkins, K.J. Nelson, D. Parsonage, et al., Peroxiredoxins: guardians against
oxidative stress and modulators of peroxide signaling, Trends Biochem. Sci.
40 (2015) 435–445, http://dx.doi.org/10.1016/j.tibs.2015.05.001.
[61] F.Q. Schafer, G.R. Buettner, Redox environment of the cell as viewed through
the redox state of the glutathione disulﬁde/glutathione couple, Free Radic.
Biol. Med. 30 (2001) 1191–1212.
[62] S.J. Coles, J.T. Hancock, M.E. Conway, Differential redox potential between the
human cytosolic and mitochondrial branched-chain aminotransferase, Acta
Biochim. Biophys. Sin. 44 (2012) 172–176, http://dx.doi.org/10.1093/abbs/
gmr103.Advance.
[63] A.T.P. Carvalho, P.A. Fernandes, M.J. Ramos, Determination of the DeltapKa
between the active site cysteines of thioredoxin and DsbA, J. Comput. Chem.
27 (2006) 966–975, http://dx.doi.org/10.1002/jcc.20404.
[64] Z.A. Wood, L.B. Poole, P.A. Karplus, Peroxiredoxin evolution and the regula-
tion of hydrogen peroxide signaling, Science 300 (2003) 650–653, http://dx.
doi.org/10.1126/science.1080405.
[65] Z.A. Wood, E. Schröder, J.R. Harris, L.B. Poole, Structure, mechanism and
regulation of peroxiredoxins, Trends Biochem. Sci. 28 (2003) 32–40, http:
//dx.doi.org/10.1016/S0968-0004(02)00003-8.
[66] R. Bryk, P. Grifﬁn, C. Nathan, Peroxynitrite reductase activity of bacterial
peroxiredoxins, Nature 407 (2000) 211–215.
[67] N. Fujiwara, T. Fujii, J. Fujii, N. Taniguchi, Roles of N-terminal active cysteines
and C-terminal cysteine-selenocysteine in the catalytic mechanism of
mammalian thioredoxin reductase, J. Biochem. 129 (2001) 803–812.
[68] C. Klomsiri, P.A. Karplus, L.B. Poole, Cysteine-based redox switches in en-
zymes, Antioxid. Redox Signal. 14 (2011) 1065–1077, http://dx.doi.org/
10.1089/ars.2010.3376.
[69] J.R. Pedrajas, B. McDonagh, F. Herna ́ndez-Torres, et al., Glutathione is the
resolving thiol for thioredoxin peroxidase activity of 1-cys peroxiredoxin
without being consumed during the catalyic cycle, Antioxid. Redox Signal.
(2015), in press.
[70] A.J. Wadley, Y.W. Chen, S.J. Bennett, et al., Monitoring changes in thioredoxin
and over-oxidised peroxiredoxin in response to exercise in humans, Free
Radic. Res. 49 (2015) 290–298, http://dx.doi.org/10.3109/
10715762.2014.1000890.
[71] N.A. Bonekamp, A. Völkl, H.D. Fahimi, M. Schrader, Reactive oxygen species
and peroxisomes: Struggling for balance, BioFactors 35 (2009) 346–355,
http://dx.doi.org/10.1002/biof.48.
[72] H. Won, S. Lim, M. Jang, et al., Peroxiredoxin-2 upregulated by NF-κB at-
tenuates oxidative stress during the differentiation of muscle-derived C2C12
cells, Antioxid. Redox Signal. 16 (2012) 245–261.
[73] H.S. Marinho, C. Real, L. Cyrne, et al., Hydrogen peroxide sensing, signaling
and regulation of transcription factors, Redox Biol. 2 (2014) 535–562, http:
//dx.doi.org/10.1016/j.redox.2014.02.006.
[74] S. Ghaemmaghami, W. Huh, K. Bower, et al., Global analysis of protein ex-
pression in yeast, Nature 425 (2003) 737–741.
[75] A. Perkins, K.J. Nelson, D. Parsonage, et al., Peroxiredoxins: guardians against
oxidative stress and modulators of peroxide signaling, Trends Biochem. Sci.
40 (8) (2015) 1–11, http://dx.doi.org/10.1016/j.tibs.2015.05.001.
[76] D. Parsonage, K.J. Nelson, G. Ferrer-sueta, S. Alley, Dissecting peroxiredoxin
catalysis: separating binding, peroxidation, and resolution for a bacterial
AhpC, Biochemistry 54 (2015) 1567–1575.
[77] A. Hall, D. Parsonage, L.B. Poole, P.A. Karplus, Structural evidence that per-
oxiredoxin catalytic power is based on transition state stabilization, J. Mol.
Biol. 402 (2010) 194–209.
[78] P.A. Karplus, A primer on peroxiredoxin biochemistry, Free Radic. Biol. Med.
80 (2015) 183–190, http://dx.doi.org/10.1016/j.freeradbiomed.2014.10.009.
[79] N.J. Adimora, D.P. Jones, M.L. Kemp, A model of redox kinetics implicates the
thiol proteome in cellular hydrogen peroxide responses, Antioxid. Redox
Signal. 13 (2010) 731–743.
[80] R.L.S. Goncalves, C.L. Quinlan, I.V. Perevoshchikova, et al., Sites of superoxide
and hydrogen peroxide production by muscle mitochondria assessed ex vivo
under conditions mimicking rest and exercise, J. Biol. Chem. 290 (2015)
209–227, http://dx.doi.org/10.1074/jbc.M114.619072.
[81] T. Pearson, T. Kabayo, R. Ng, et al., Skeletal muscle contractions induce acute
changes in cytosolic superoxide, but slower responses in mitochondrial su-
peroxide and cellular hydrogen peroxide, Plos One 9 (2014) e96378, http:
//dx.doi.org/10.1371/journal.pone.0096378.
[82] R.M. Jarvis, S.M. Hughes, E.C. Ledgerwood, Peroxiredoxin 1 functions as a
signal peroxidase to receive, transduce, and transmit peroxide signals in
mammalian cells, Free Radic. Biol. Med. 53 (2012) 1522–1530.
[83] M.K. Trenerry, K.A. Carey, A.C. Ward, D. Cameron-Smith, STAT3 signaling isactivated in human skeletal muscle following acute resistance exercise, J.
Appl. Physiol. 102 (2007) 1483–1489, http://dx.doi.org/10.1152/
japplphysiol.01147.2006.
[84] D.C. Wright, D.H. Han, P.M. Garcia-Roves, et al., Exercise-induced mi-
tochondrial biogenesis begins before the increase in muscle PGC-1α ex-
pression, J. Biol. Chem. 282 (2007) 194–199, http://dx.doi.org/10.1074/jbc.
M606116200.
[85] M.H. Choi, I.K. Lee, G.W. Kim, et al., Regulation of PDGF signalling and vas-
cular remodelling by peroxiredoxin II, Nature 435 (2005) 347–353.
[86] J.E. Turner, J.A. Bosch, M.T. Drayson, S. Aldred, Assessment of oxidative stress
in lymphocytes with exercise, J. Appl. Physiol. 111 (2011) 206–211.
[87] J.E. Turner, S.J. Bennett, J.P. Campbell, et al., The antioxidant enzyme perox-
iredoxin-2 is depleted in lymphocytes seven days after ultra-endurance
exercise, Free Radic. Res. 47 (2013) 821–828.
[88] C. Brinkmann, J. Blossfeld, M. Pesch, et al., Lipid-peroxidation and peroxir-
edoxin-overoxidation in the erythrocytes of non-insulin-dependent type
2 diabetic men during acute exercise, Eur. J. Appl. Physiol. 112 (2012)
2277–2287, http://dx.doi.org/10.1007/s00421-011-2203-x.
[89] Z. a Wood, L.B. Poole, R.R. Hantgan, P.A. Karplus, Dimers to doughnuts: re-
dox-sensitive oligomerization of 2-cysteine peroxiredoxins, Biochemistry 41
(2002) 5493–5504, http://dx.doi.org/10.1021/bi012173m.
[90] Y. Manabe, M. Takagi, M. Nakamura-Yamada, et al., Redox proteins are con-
stitutively secreted by skeletal muscle, J. Physiol. Sci. 64 (2014) 401–409.
[91] J.R. Riddell, X.Y. Wang, H. Minderman, S.O. Gollnick, Peroxiredoxin 1 stimu-
lates secretion of proinﬂammatory cytokines by binding to TLR4, J. Immunol.
184 (2010) 1022–1030, http://dx.doi.org/10.4049/jimmunol.0901945.
[92] T. Rabilloud, M. Heller, F. Gasnier, et al., Proteomics analysis of cellular re-
sponse to oxidative stress. Evidence for in vivo overoxidation of peroxir-
edoxins at their active site, J. Biol. Chem. 277 (2002) 19396–19401, http://dx.
doi.org/10.1074/jbc.M106585200.
[93] A.J. Wadley, Y.W. Chen, S.J. Bennett, et al., Monitoring changes in thioredoxin
and over-oxidised peroxiredoxin in response to exercise in humans, Free
Radic. Res. 49 (2015) 290–298, http://dx.doi.org/10.1080/
09650790802667527.
[94] H. Schenk, M. Klein, W. Erdbrügger, et al., Distinct effects of thioredoxin and
antioxidants on the activation of transcription factors NF-kappa B and AP-1,
Proc. Natl. Acad. Sci. USA 91 (1994) 1672–1676.
[95] D.A. Moghaddam, A. Heber, D. Capin, et al., Training increases peroxiredoxin
2 contents in the erythrocytes of overweight/obese men suffering from type
2 diabetes, Wien. Med. Wochenschr. 161 (2011) 511–518, http://dx.doi.org/
10.1007/s10354-011-0037-0.
[96] K.P. Lee, Y.J. Shin, S.C. Cho, et al., Peroxiredoxin 3 has a crucial role in the
contractile function of skeletal muscle by regulating mitochondrial home-
ostasis, Free Radic. Biol. Med. 77 (2014) 298–306.
[97] T.-S. Chang, C.-S. Cho, S. Park, et al., Peroxiredoxin III, a mitochondrion-
speciﬁc peroxidase, regulates apoptotic signaling by mitochondria, J. Biol.
Chem. 279 (2004) 41975–41984.
[98] J.L. Vingren, W.J. Kraemer, D.L. Hatﬁeld, et al., Effect of resistance exercise on
muscle steroidogenesis, J. Appl. Physiol. 105 (2008) 1754–1760, http://dx.doi.
org/10.1152/japplphysiol.91235.2008.
[99] J.M. Lim, K.S. Lee, H. Woo, Control of the pericentrosomal H2O2 level by
peroxiredoxin I is critical for mitotic progression, J. Cell Biol. 210 (2015)
23–33, http://dx.doi.org/10.1083/jcb.201412068.
[100] L.B. Poole, C. Klomsiri, S.A. Knaggs, et al., Fluorescent and afﬁnity-based tools
to detect cysteine sulfenic acid formation in proteins, Bioconjug Chem. 18
(2007) 2004–2017, http://dx.doi.org/10.1021/bc700257a.
[101] S.M. Hutson, L.B. Poole, S. Coles, M.E. Conway, Redox regulation and trapping
sulfenic acid in the peroxide-sensitive human mitochondrial branched chain
aminotransferase, Methods Mol. Biol. 476 (2008) 139–152.
[102] M.E. Conway, S.J. Coles, M.M. Islam, S.M. Hutson, Regulatory control of hu-
man cytosolic branched-chain aminotransferase by oxidation and S-glu-
tathionylation and its interactions with redox sensitive neuronal proteins,
Biochemistry 47 (2008) 5465–5479, http://dx.doi.org/10.1021/bi800303h.
[103] J.N. Cobley, N.V. Margaritelis, J.P. Morton, et al., The basic chemistry of ex-
ercise-induced DNA oxidation: oxidative damage, redox signaling, and their
interplay, Front. Physiol. 6 (2015) 1–8, http://dx.doi.org/10.3389/
fphys.2015.00182.
[104] L.Y. Tanaka, L.R. Bechara, A.M. dos Santos, C.P. Jordão, L.G. de Sousa, et al.,
Exercise improves endothelial function: a local analysis of production of ni-
tric oxide and reactive oxygen species, Nitric Oxide 45 (2015) 7–14.
[105] M.J. Jackson, Redox regulation of adaptive responses in skeletal muscle to
contractile activity, Free Radic. Biol. Med. 47 (2009) 1267–1275, http://dx.doi.
org/10.1016/j.freeradbiomed.2009.09.005, S0891-5849(09)00531-0 [pii].
[106] E. Cuevasanta, M. Lange, J. Bonanata, et al., Reaction of hydrogen sulﬁde with
disulﬁde and sulfenic acid to form the strongly nucleophilic persulﬁde, J. Biol.
Chem. 290 (2015) 26866–26880, http://dx.doi.org/10.1074/jbc.M115.672816.
